Variable temperature NMR spectroscopy studies of lanthanide(III) complexes with 1,4,7,10-tetraazacyclododecane-N,N',N",N'-tetraacetic acid (DOTA) provide evidence of the presence of two isomeric forms in aqueous solution. An NMR study was performed in order to gain structural information on the two isomeric species, using a fitting procedure of calculated to experimental dipolar contributions to the paramagnetic shifts. The two isomers show to have identical macrocyclic ring conformations and differ only in the coordination or orientation of the acetate arms of the ligand, yielding either square prismatic and square anti-prismatic coordination geometries, or octadentate and heptadentate coordinations of the ligand relative to the lanthanide ion. Analysis of the dipolar shifts is consistent with both types of acetate conformational equilibria.
Introduction
The polyfunctional macrocyclic ligands, combining the advantages of variable cavity size and rigidity with the presence of different ionizable functions, have been the object of numerous investigations, on account of their unique coordination properties, namely their selectivity and pH sensitive complexing abilities [1, 2] . Their lanthanide chelates have been shown to behave as effective NMR shift and/or relaxation probes in aqueous solution, which allows them to be used in structural studies of biomolecules and also as contrast agents in medical diagnosis by nuclear magnetic resonance imaging [3] [4] [5] .
The 1,4,7,10 -tetraazacyclododecane-N,N',N",N'-tetraacetic acid (DOTA) is a polyaza-polyacetic ligand, that has been shown to form stable complexes with the trivalent lanthanide cations in aqueous solution [6] . These complexes present axial symmetry and are rigid on the NMR time-scale, two features that are rarely met in lanthanide solution chemistry. The study of the significant shifts induced by the paramagnetic lanthanide ions on the nuclear magnetic resonances of the ligand (lanthanide-induced shifts, LIS) can help to determine the structure of the corresponding chelates [7] . Desreux and co-workers first studied the Ln(DOTA)-complexes in aqueous solution, using both 1H and 13C dynamic NMR spectroscopy [8] , having detected a very slow kinetics of formation for these species, at room temperature, that has been partially explained by their unusual stereodynamic behaviour. The solution structure and dynamics of these chelates have lately been the subject of thorough investigation by different workers [9] [10] [11] . NMR studies lead to the detection of two isomeric species, whose relative abundance varies markedly along the lanthanide series. These two isomers, represented here by A and B, have, respectively, higher and lower magnetic susceptibility values. The existence of two isomers in solution has also been detected, both by NMR and luminescence techniques, for the Eu(DOTA)-chelate [12, 13] , as well as for the Ln(DOTMA)--complexes [13] DOTMA = [1R-(1R*,4R*,7R*,10R*)]-a,a' ,d',o/"-tetra-methyl-1, 4,7,10- 
tetraazacyclododecane-N,N',N",N'-tetraacetic acid).
In this work, the conformational bebaviour of the two isomeric species present in aqueous solution was investigated, through a systematic NMR study of the whole series of the Ln(DOTA)-chelates, as a function of pH, temperature and salt concentration, using a fitting procedure of calculated to experimental dipolar contributions to the measured 1H and ~3C-NMR paramagnetic shifts.
NMR spectra. The computer program PDIGM [15] was used to determine the agreement between the observed and the calculated LIS values, (based on an axial symmetry model). Molecular modelling was performed using PCMODEL (Serena Software).
Experimental
The ligand DOTA was synthesized and purified as described elsewhere [8, 14] . Hexahydrated lanthanide chlorides were purchased from Aldrich Chem. Co. Lanthanide complexes were prepared in aqueous solution, at 0.01 mol dm -3 concentration, by adding stoichiometric amounts of the macrocyclic ligand to stock solutions of the corresponding chlorides, following the procedure reported by Desreux [8] . The pH of the solutions was adjusted with DC1 and CO2-free NaOD. NMR spectra were recorded on JEOL FX-200, VAR-IAN XL-200 and UNITY-500, and BRUKER AMX-500 Fourier transform spectrometers (operating at external fields of 4.7 T and 11.8 T, respectively). Either TSP-d4 (tetradeuterated sodium trimethylsylil-propionate) or 2-methyl-2-propanol, and 1,4-dioxane were used as internal references, respectively for the 1H and 13C-
Results and discussion
The proton NMR spectra of the Ln(DOTA)-chelates in aqueous solution show two sets of resonances, with different intensities, corresponding to two different coordination geometries for the lanthanide cation, in contrast to what has been observed for the Ln(DOTP) 5-complexes (DOTP = 1,4,7,10-tetraazacyclododecane-N,N',N",N"-tetra-(methylene phosphonate), for which only one set of signals is observed, in agreement with the existence of just one possible conformation in solution for these species [16] . The relative abundance of each of the two isomers of the Ln(DOTA)-complexes changes along the lanthanide series, one of them being more stable for the larger cations (Ce 3+ to Pr 3+) while the other predominates for the heavier, smaller ions (Nd 3÷ to yb3+). Table 1 contains the LIS values (at different temperatures) relative to the 1H and 13C signals of the two isomeric species of the Ln(DOTA)-chelates. The contact and pseudo-contact contributions to the LIS values were separated according to the method of Reilley [17, 18] and the geometrical factor (G) was determined for each of the complexes. The calculation of the parameter G, as well as of the Ln-H distances within the complex, were also performed by a fitting procedure of the experimental NMR results to an axial symmetry model of the chelates (based on published X-ray data [19] ) (Tables 2 and 3 ). A structural model has recently been proposed to account for the conformational behaviour of the Ln(DOTA)-complexes in aqueous solution [9] [10] [11] : presence of two different isomeric forms, with identical macrocyclic ring conformation and differing only in the This work (values calculated using the program PDIGM). b [10] , values obtained from the analysis of the corresponding relaxation times (average value of the Tb 3÷, Dy a+ and Ho 3÷ complexes).
[21]. orientation of the acetate arms relative to the lanthanide ion, giving rise to square quasi-prism (B~) and square anti-prism coordination (A) geometries (Fig. 1) . In both these species there is a water molecule axially bound to the cation. The interconversion process between the two isomers involves an internal torsion (relative to the N-C bond) of the acetate pendant groups of the macrocycle. There are, then, two distinct intramolecular dynamic processes in solution, which have been shown to be temperature-dependent [9] : the A~A conformational rearrangement of the tetraazacyclododecane ring and the interconversion of the acetate arms, involving internal torsion without bond breaking. From the analysis of the dipolar term of the NMR lanthanideinduced shifts, we verified that a quite good agreement can be achieved between the experimental G values and those calculated for the structures A and Br previously proposed [9, 11] (Table 2) . We considered also an alternative conformation (B~0 for isomer B, based on a previously forwarded structural model for the Ln(DOTMA)-systems [13] , having one of the acetate arms uncoordinated to the cation, in a fast exchange situation (at room temperature) with the other carboxylate groups of the ligand (Fig. 1) . Interconversion between the four possible B~ forms, involving a consecutive binding and unbinding process (in a rotative way) of each of the four acetate groups to the central ion, is fast on the NMR time-scale (due to the small shift differences observed), and can yield an average structure that deviates only slightly from axial symmetry. Table 2 shows that the agreement factors (R) between the experimental G values for the isomer B, and those calculated for structures B I and B n are not statistically different.
We also performed a study, by proton NMR, of the effects of temperature and of the presence of various salts on the conformational equilibria of the Ln(DOTA)-chelates. The analysis of the temperature dependence (between 0 °C and 30 °C) of the concentration ratio ([B]/[A]) of the two isomers of Yb(DOTA)-led to an estimate of the thermodynamic parameters for this isomerization process, namely M/°= +13.86 kJ mol -~ and AS °= +33.46 J mo1-1 K -1. Fig. 2 illustrates the nature of the salt effects observed (at constant temperature): for an [LiC1] to [Eu(DOTA)-] ratio equal to or higher than 100, a clear change in the spectra of Eu(DOTA)-was detected, with an increase of the isomer 13 population. This effect was observed for the Ce 3+, Eu 3+ and Yb 3+ chelates in the presence of various salts, containing different anions and the same cation (either Li + or Na+), and can be attributed to anion binding to the complexes, either through non-specific ionic strength-related effects or by specific anion binding. We suggest that such binding could induce a change in the lanthanide ion position relative to the plane of the macrocyclic ring (see the decrease of the calculated d values from isomer A to isomer B~, Table 2 ), simultaneously with a variation of the orientation of the acetate arms relative to the ring, consequently favouring the isomeric species BI.
The presence of the B isomer in solution is, then, favoured both by a temperature increase and by anion binding.
Conclusion
The study of the Ln(DOTA)-chelates in aqueous solution, by NMR spectroscopy, evidences the existence of two distinct isomeric forms, unlike the case of the Ln(DOTP) 5-complexes, for which there is only one possible conformation in solution. Analysis of the dipolar term of the observed proton LIS is consistent with the previous proposal of structures A and B~ (Fig. 1) for the two Ln(DOTA)-isomers [9, 10] , but cannot statistically distinguish between an octadentate (B~) and an heptadentate (B~I) [13] coordination of the DOTA ligand in isomer B. This species is favoured, in aqueous solution, by a temperature increase and by anion binding. The proposed model, based on isomers A and B~ [9, 11] has recently got support from the observation, by X-ray crystallographic studies, of both structures A and B~ in the same crystal of Gd(DO3MA) (DO3MA = (1R,4R,7R)-a,a',a"-trimethyl-l,4,7,10-tetraazacyclododecane-l,4,7-triacetic acid) [20] and of a B~-type coordination mode in the Eu(THP) complex (THP = 1,4,7,10-tetraazacyclododecane-N,N',N",N'-tetrakis(2-hydroxypropyl) [21] .
However, further studies on the structure and dynamics of the Ln(DOTA)-isomerization process in aqueous solution are needed, namely the investigation of the effect of high pressure on the NMR spectra of this system (in the presence and absence of different salts).
